HOXA5 is a member of the HOX gene family, which is known to play key roles during embryonic development and in differentiation of adult cells. In addition, HOXA5 has been implicated as a tumour suppressor in breast cancer and shown to transactivate the p53 gene. CpG island methylation is a common mechanism of gene inactivation in tumour cells, but is rarely involved in control of cell-type-specific (CTS) expression in normal cells. However, here we demonstrate that HOXA5 is one of a small number of genes whose CTS expression pattern is controlled by CTS CpG island methylation in normal cells. Furthermore, chromatin immunoprecipitation analysis identified novel patterns of histone modifications associated with DNA methylation of HOXA5. High levels of methylation of histone residues (lysine 9 and 36 of histone H3) previously associated with transcriptional repression were present in the unmethylated, actively transcribing state, and were then reduced following DNA methylation and gene inactivation. Alterations to the normal patterns of HOXA5 gene methylation were also observed in tumour cells. Quantitative analysis of HOXA5 methylation identified the presence of limited methylation in all of the breast, lung and ovarian tumours examined. However, methylation levels in these three tumour types were nearly always low and comparable with that detected in the corresponding normal tissue. In contrast, acute myeloid leukaemia (AML) samples frequently (60% of samples) exhibited very high methylation levels, far greater than that seen in normal haematopoietic cells, suggesting a role for hypermethylation of HOXA5 in the development of AML, consistent with its previously identified role in haematopoietic differentiation.
HOXA5 is a member of the HOX gene family, which is known to play key roles during embryonic development and in differentiation of adult cells. In addition, HOXA5 has been implicated as a tumour suppressor in breast cancer and shown to transactivate the p53 gene. CpG island methylation is a common mechanism of gene inactivation in tumour cells, but is rarely involved in control of cell-type-specific (CTS) expression in normal cells. However, here we demonstrate that HOXA5 is one of a small number of genes whose CTS expression pattern is controlled by CTS CpG island methylation in normal cells. Furthermore, chromatin immunoprecipitation analysis identified novel patterns of histone modifications associated with DNA methylation of HOXA5. High levels of methylation of histone residues (lysine 9 and 36 of histone H3) previously associated with transcriptional repression were present in the unmethylated, actively transcribing state, and were then reduced following DNA methylation and gene inactivation. Alterations to the normal patterns of HOXA5 gene methylation were also observed in tumour cells. Quantitative analysis of HOXA5 methylation identified the presence of limited methylation in all of the breast, lung and ovarian tumours examined. However, methylation levels in these three tumour types were nearly always low and comparable with that detected in the corresponding normal tissue. In contrast, acute myeloid leukaemia (AML) samples frequently (60% of samples) exhibited very high methylation levels, far greater than that seen in normal haematopoietic cells, suggesting a role for hypermethylation of HOXA5 in the development of AML, consistent with its previously identified role in haematopoietic differentiation.
Introduction
DNA methylation is the only commonly occurring covalent modification of DNA and occurs almost exclusively at CpG dinucleotides (1) . DNA methylation within the 5 0 end of genes, particularly of CpG islands (small stretches of DNA with high frequencies of CpG sites), has been clearly linked to repression of gene transcription (2) . Although methylation can inhibit transcription directly by interfering with the binding of transcription factors (2), the main mechanism by which DNA methylation leads to gene inactivation is through associated changes in chromatin structure, particularly modification of histone tails, that leads to the production of compacted chromatin structures that are refractory to initiation of transcription (2) . Methylation of CpG islands has been associated with a number of specific modification of histone tails, including reduced levels of histone acetylation as well as increased levels of methylation of particular histone residues, particularly K9 of histone H3 (3) .
Methylation was originally proposed as a potential mechanism for control of tissue-specific expression (4) . However, analysis of the methylation status of CpG islands in human adult somatic tissues determined that CpG islands were almost always methylation-free even in tissues where the associated gene was not expressed (1) . However, interest in the role of DNA methylation in control of gene expression has been greatly revived following the discovery that inactivation of genes in a number of human diseases, particularly cancer, is often highly associated with increased methylation of promoter-associated CpG islands (5) . In addition, Futscher et al. (6) recently reported the first example of a human gene, maspin, in which cell-type-specific (CTS) expression is associated with specific differences in methylation of its associated CpG island. The maspin gene is unmethylated and expressed in cells of epithelial origin, but the gene is not expressed, and its CpG island is methylated, in other cell types. Subsequently, we identified a second example, the MCJ gene, which is similarly controlled by DNA methylation in normal cells (7) . In this case the gene is methylated and not expressed in epithelial cells and unmethylated and expressed in mesenchymal and haematopoietic cells (7) .
HOXA5 is a member of a large protein family all of which contain a conserved DNA binding domain, known as the homeodomain (8) . The human genome contains four clusters of HOX genes (A-D), which are known to play a key role in determining anterior-posterior patterning during development (8) . HOX genes are also expressed in adult cells where they are thought to play an important role in governing the process of differentiation, and HOXA5 has been implicated in the differentiation of both haematopoietic and epithelial cells. Over-expression of HOXA5 in haematopoietic progenitors results in increased granulocytic/monocytic, but reduced erythroid/megakaryocytic, differentiation (9) , whereas antisense-oligonucleotides directed against HOXA5 had the inverse consequences (10), suggesting a key role for HOXA5 in the regulation of myeloid differentiation. Other studies have also identified HOXA5 as a potential regulator of epithelial cell differentiation (11, 12) . In addition, HOXA5 has been implicated as a potential tumour suppressor gene in breast cancer and has been shown to function as a transactivator of the p53 gene (13) and to induce apoptosis by p53-dependent and p53-independent mechanisms (14) . DNA methylation of the CpG island located in the 5 0 end of the HOXA5 gene has been identified in breast (13) and lung cancer (15) and has been associated with loss of HOXA5 expression (13) .
In this report, we investigated the role of DNA methylation, and subsequent alterations in chromatin structure, in control of HOXA5 expression in normal cells, and the potential role of HOXA5 methylation in the development of solid tumours and leukaemia. The results identify HOXA5 as one of a small number of genes controlled by CTS DNA methylation in normal cells and identify novel patterns of histone modifications associated with the presence or absence of DNA methylation at this locus. Furthermore, the results suggest a potential role for loss of HOXA5 expression, due to promoter hypermethylation, in the arrest of normal differentiation seen in acute myeloid leukaemia (AML).
Materials and methods

Tissue culture and cells
The primary, 142BR, and immortalized, 1BR.3.G, fibroblast cell lines and the immortalized breast epithelial cell line SVCT were obtained from ECACC (Cambridge, UK) and cultured as recommended. The ovarian carcinoma cell line A2780/MCP1 (16), breast carcinoma cell line MCF7, the fibrosarcoma cell line HT1080 and leukaemic cell lines were maintained in RPMI with 10% fetal calf serum in 95% air/5% CO 2 at 37 C. RNA and DNA were extracted from cell pellets of the primary lines HEK78, WI-38 and MRC5 and immortalized human ovarian surface epithelial cells (17) . Purified normal CD133+ cells were obtained from Cambrex Bioscience (Wokingham, UK). Genomic DNA was extracted for methylation analysis as described previously (18) . 2 0 -deoxy-5-azacytidine (Sigma, Gillingham, UK) was dissolved in phosphate-buffered saline (PBS) and used to treat 1BR.3.G (0.2 mm) and LAMA84 (1 mm) cells. Cells were treated for 24 h at 37 C on Days 1 and 2 of a 7 day cycle, which was repeated a second time for both cell lines (resulting in a total of four 24 h treatments). At the end of the second cycle of treatment, cells were harvested for RNA and protein analysis (LAMA84) or chromatin immunoprecipitation (1BR.3.G) as described below. Mock treatments, using the same volume of PBS as added to the treated cells, were used for comparison.
Tissue samples
Ovarian and breast tumour samples were obtained from the Western Infirmary and Stobhill General hospitals, Glasgow, UK. Lung tumour samples were obtained from Western Infirmary, Glasgow, and Aberdeen Royal Infirmary, Aberdeen, UK. Genomic DNA derived from peripheral blood or bone marrow samples were obtained from patients with AML from the Western Infirmary, Glasgow, Royal Victoria Infirmary, Newcastle, and Glasgow Royal Infirmary, UK. Grossly normal breast, lung and ovarian tissue samples were obtained from patients undergoing surgery for tumour resection. Ethical approval for all samples collected had been obtained. All samples were stored frozen at À70 C. Peripheral blood samples were obtained from healthy volunteers. Genomic DNA was extracted for methylation analysis as described previously (18) .
Isolation of specific haematopoietic cell types Specific cell types were isolated from normal peripheral blood samples from healthy volunteers using magnetic beads (Dynal Biotech, Bromborough, UK) coated with CD3 (T-cell-specific), CD19 (B-cell-specific) and CD14-specific antibodies (monocyte-specific), as per the manufacturer's protocol. Purified cell pellets were used for extraction of genomic DNA (18) , and total RNA using an RNeasy mini kit (Qiagen, Crawley, UK). The purity of the isolated cell population was confirmed using reverse transcription-polymerase chain reaction (RT-PCR) for CD3, 19 and 14 markers.
COBRA analysis
COBRA analysis was performed largely as described before (19) . One microgram of genomic DNA was modified with sodium bisulphite using the CpGenome modification kit (Chemicon International, Temecula, CA, USA) as per the manufacturer's instructions. All samples were resuspended in 40 ml of TE, and 1 ml of this was used for subsequent PCR reactions. The samples were amplified in 25 ml volumes containing manufacturer's buffer, 1 unit of FastStart taq polymerase (Roche, Lewes, UK), 1-4 mM MgCl 2 , 10 mM dNTPs and 75 ng of each primer. PCR was performed with one cycle of 95 C for 6 min, 35 cycles of 95 C for 30 s, 61 C for 30 s and 72 C for 30 s, followed by one cycle of 72 C for 5 min. All PCR reactions were carried out on a PTC-225 DNA engine tetrad (MJ Research, Waltham, MA, USA). Following amplification the PCR products were digested with the appropriate restriction enzymes, specific for the methylated sequence after sodium bisulphite modification. Digestion of 11.5 ml total PCR products was carried out in 20 ml volumes with 15 U of the appropriate restriction enzyme [HinFI, RsaI, TaqI (Invitrogen, Renfrew, UK) or BsiEI (New England Biolabs, Hitchin, UK)] in manufacturer's buffer for 2 h. Digested PCR products were separated on 1.75% agarose gels and visualized by ethidium bromide staining on GeneSnap gel documentation system (Syngene, Cambridge, UK). Quantification of methylation levels was carried out by measurement of band intensities using the GeneTools system (Syngene), and methylation levels in a particular sample were calculated correcting for the smaller size (and thus lower ethidium bromide binding capacity) of the methylated band. In vitro methylated (IVM) DNA (Intergen) was used as a positive control for all COBRA assays. The primers used for the PCR reactions were 5 0 -GGGAAATGTAATAATTTTGTTATAATGGGTTG-3 0 for the forward primer and 5 0 -CTAAAACATATACTTAATTCCCTCCTAC-3 0 for the reverse primer.
Bisulphite sequencing
Sodium bisulphite modification and PCR were carried out as above. PCR products were then separated on 1.5% agarose gels and bands corresponding to the expected size were cut out and DNA was extracted using GenElute agarose spin columns (Sigma). Isolated DNA was resuspended in 10 ml of ddH 2 O and 3 ml was used for ligation to PGem-T vector system II PCR cloning vector (Promega, Southhampton, UK). Ligations were carried out overnight at 4 C and the ligated products were transformed into JM109 cells. These were then plated out on LB agar plates containing 100 mg/ml ampicillin, 80 mg/ml X-Gal and 0.5 mM IPTG and left overnight at 37 C. White (insert-containing) colonies were picked and grown up in 4 ml of LB containing 100 mg/ml ampicillin and plasmid DNA isolated. Sequencing was then carried out on a CEQ 2000XL DNA analysis system (Beckman Coulter, High Wycombe, UK) using the Sp6 sequencing primers.
Pyrosequencing
The samples were amplified in 50 ml volumes containing manufacturer's buffer, 2 ml bisulphite-modified DNA, 2 U of FastStart taq polymerase, 3 mM MgCl 2 , 50 mM dNTPs and 0.2 mm of each primer. PCR was performed with one cycle of 95 C for 6 min, 45 cycles of 95 C for 30 s, 58 C for 30 s and 72 C for 30 s, followed by one cycle of 72 C for 5 min. All PCR reactions were carried out on a PTC-225 DNA engine tetrad. Following amplification, sequencing was performed using a PSQ 96MA pyrosequencer (Biotage AB, Uppsala, Sweden), as per manufacturer's protocol. The primers used for the initial PCR were identical to those used for COBRA analysis, with the addition of a 5 0 biotin label on the reverse primer. The sequencing primer was 5 0 -GATGAGTTTTGTTTTTAG-3 0 .
RT-PCR
RNA was isolated from cell lines as above. Five micrograms of RNA was then used for cDNA synthesis using the SuperScript first-strand cDNA synthesis kit (Invitrogen). Subsequent PCR was performed as above, using 2-3 mM MgCl 2 and 2 ml cDNA. PCR was performed with one cycle of 95 C for 6 min, 20-33 cycles of 95 C for 30 s, 61 C for 30 s and 72 C for 30 s, followed by one cycle of 72 C for 5 min. RT-PCR products were separated on 2% agarose gels, and quantification, relative to GAPDH, was carried out using Genegenius (Syngene). Quantification was assessed using a panel of 3-fold serial dilutions of a known positive cDNA (derived from the SVCT cell line, 1-to 243-fold dilution). For both primer sets cycling conditions were identified that gave reproducible differences in signal intensity for each threefold dilution in the panel. The primers used for HOXA5 were forward 5 0 -CCCACATCAGCAGCAGAGAG-3 0 , reverse 5 0 -AGCTCCAGGGTCTG-GTAGC-3 0 . Primers used for GAPDH were reported previously (7).
Chromatin immunoprecipitation
Chromatin immunoprecipitation assays were carried out using the Chromatin immunoprecipitation assay kit (Upstate, Charlottesville, VA, USA) as described in the manufacturer's instructions. Briefly, 1.5 · 10 6 cells were plated out in T75 tissue culture flasks and left overnight at 37 C. The following day the cells were cross-linked by adding 405 ml of 37% formaldehyde to 15 ml of culture medium and incubating for 10 min at 37 C. The cells were then scraped off the flasks and centrifuged in 1.5 ml centrifuge tubes for 4 min at 4000 r.p.m. The pellet was resuspended in 200 ml sodium dodecyl sulphate (SDS) lysis buffer (including protease inhibitors) and sonicated to produce fragments of 200-1000 bp. Before immunoprecipitation, 20 ml of each sample was removed and used for later quantification of input DNA. Immunoprecipitation was carried out using 10 ml (anti-acetylhistone H3 antibody) or 8 ml (all other antibodies) overnight at 4 C. Following washing and elution of the chromatin complexes, the cross-links were reversed by incubating at 65 C for 4 h, and the DNA was recovered by phenol/ chloroform extraction and ethanol precipitation. The samples were resuspended in 20 ml of TE, and 1 ml of this was used in subsequent PCR reactions to detect the presence of immunoprecipitated DNA. The samples were amplified in 25 ml volumes containing 1X manufacturer's buffer, 1 U of FastStart taq polymerase, 0.75-3 mM MgCl 2 , 10 mM dNTPs and 75 ng of each primer. PCR was performed with one cycle of 95 C for 6 min, 32-35 cycles of 95 C for 30 s, 57-63 C for 30 s and 72 C for 30 s, followed by one cycle of 72 C for 5 min. Following amplification, the PCR products were separated on 2% agarose gels and quantified using the GelDoc 1000 system (Bio-Rad, Hemel Hempstead, UK). Quantification by each PCR was assessed using a panel of 2-fold serial dilutions of genomic DNA (25-0.2 ng). For each primer set cycling conditions were identified that gave reproducible differences in signal intensity for each 2-fold dilution in the panel. To correct for differences in input DNA, signals for each of the cell lines were normalized to an input sample removed before immunoprecipitation. The results presented for each ChIP assay are the average of two to three independent experiments. The primers used for the PCR reactions were for Quantitative PCR Quantitative PCR analysis was performed in 20 ml volumes containing 1X master mix DyNAmo SYBR green qPCR kit (Finnzymes, Espoo, Finland), 75 ng of each primer and 1 ml DNA. PCR was performed with one cycle of 94 C for 15 min, followed by cycles of 94 C for 30 s, 57 C (region 1) or 60 C (region 2) for 30 s and 72 C for 30 s, with plate reads carried out at 87 C at the end of each cycle. Each of the PCR assays was run in triplicate. Reactions were carried out on an Opticon 2 DNA engine (MJ Research) and levels of product (normalized to input samples) were calculated using the manufacturer's provided software.
Western blotting
Total protein was extracted from cell pellets (1-2 · 10 6 ) using 480 ml protein lysis buffer (NP40, 0.5%; NaCl, 250 mM; Hepes, pH 7.0, 50 mM) to which 20 ml of protease inhibitor solution (mini Complete-EDTA-free, Roche, prepared as per manufacturer's instructions) was added. Samples were placed on ice for 30-45 min, centrifuged at 21 000 g for 15 min at 4 C and the supernatant was collected and stored at À20 C. Protein concentrations were calculated using Bio-Rad protein assay reagent (as per manufacturer's protocol). For each sample 15 mg of protein was prepared and electrophoresed on 10% SDS-PAGE gels (MOPS buffer, as per manufacturer's protocol, Invitrogen) and transferred to Immobilon-P membrane (Millipore, Watford, UK). Membranes were then sequentially probed with rabbit anti-HOXA5 (Zymed, Cambridge, UK) and secondary HRP-linked goat anti-rabbit (Santa Cruz Biotechnologies, Santa Cruz, CA) antibodies, and the immunological reaction was developed using chemilumnescence (ECL western blotting reagents, Amersham, Little Chalfont, UK). Subsequently, blots were stripped (30 min at room temperature in 0.2 M Glycine, pH 2.5/0.1% SDS), washed three times in PBS/0.2% Tween and re-probed with mouse anti-a-actin antibody (Sigma) as a control for protein loading.
Analysis of markers of myeloid differentiation in 2
0 -deoxy-5-azacytidinetreated cells cDNA was synthesized from LAMA84 cells, with or without treatment with 2 0 -deoxy-5-azacytidine, as described above. qRT-PCR analysis was performed in 20 ml volumes containing 1X master mix DyNAmo SYBR green qPCR kit (Finnzymes), 75 ng of each primer and 1 ml cDNA. 
Results
HOXA5 exhibits CTS CpG island methylation and expression in normal human cells
Previously, a small number of genes have been identified as exhibiting CTS patterns of DNA methylation and expression in normal cells (20) , and methylation at the Hoxa5 locus had been identified in adult, but not embryonic, mouse tissue (21) . To determine if the CpG island in the 5 0 region of the HOXA5 gene exhibited CTS methylation, COBRA assays were used to assess CpG island methylation in a panel of normal human cell lines. Multiple CpG sites (six, Figure 1A ) within the island were assessed by digestion with different restriction enzymes (HinFI, TaqI, RsaI), and identical results were obtained for all CpG sites. This analysis detected hypermethylation (>95%) in adult mesenchymal cells, $50% methylation of HOXA5 in haematopoietic cells, but no evidence of methylation in epithelial cells ( Figure 1B) . The 50% methylation detected in haematopoietic cells probably represents 50% of alleles methylated (and 50% unmethylated), as COBRA assays using restriction enzymes with multiple cut sites produced almost exclusively the indicated fully methylated or unmethylated bands (examples in Figure 1D ), with little evidence of partially methylated bands. This was further confirmed using bisulphite sequencing of the region in haematopoietic cells, which identified exclusively unmethylated or densely methylated alleles (examples in Figure 1E ). In contrast to the hypermethylation observed in adult-derived mesenchymal cells (1BR.3.G, 142BR), HOXA5 methylation was absent in embryonically derived human mesenchymal cells (WI38, MRC5). This is however in agreement with the lack of Hoxa5 methylation identified in whole mouse embryos (21) .
The presence of methylated HOXA5 alleles in normal cells was also confirmed using pyrosequencing (22) . This technique was used to assess methylation of three CpG sites in the HOXA5 promoter (CpG 2, 3 and 4 in Figure 1A ) and, as detailed in Table I , the methylation levels closely mirrored those identified by COBRA analysis, confirming the presence of very high levels of methylated HOXA5 alleles in adult mesenchymal cells and $50% methylation in haematopoietic cells.
Semi-quantitative RT-PCR analysis was used to assay gene expression to determine if CTS methylation of HOXA5 correlated with loss of expression. This analysis identified low or undetectable levels of expression of HOXA5 in cells in which the gene was methylated, but in contrast, the absence of DNA methylation was associated with high levels of expression of the gene ( Figure 1C ).
Partial methylation of HOXA 5 in haematopoietic cells is not due to targeting of methylation to specific cell types or genetic imprinting For genes previously identified as exhibiting CTS methylation, the methylated cell types invariably exhibited complete methylation (indistinguishable from 100% IVM DNA) [(6,7), (G. Strathdee, A. Sim and R. Brown), unpublished data]. In contrast to the >95% methylation in mesenchymal cells, HOXA5 methylation in peripheral blood was detected in only $50% of HOXA5 alleles. As HOXA5 has been implicated as an important regulator of haematopoietic differentiation (9,10), this suggests a potential role for HOXA5 methylation in control of HOXA5 expression levels during haematopoietic differentiation. Peripheral blood samples contain multiple different haematopoietic cell types, and thus methylation may be limited to one or more specific cell types. To examine this possibility, B and T lymphocytes and monocytes were isolated from normal peripheral blood using cell surface markers. The isolation of highly purified cell populations was confirmed using RT-PCR for markers specific for each cell lineage (data not shown). COBRA analysis on the purified cell types identified methylation of $50% of HOXA5 alleles for each of the cell types, and the levels were indistinguishable from either unpurified peripheral blood or peripheral blood samples depleted of each of the cell types ( Figure 1D ).
To determine if HOXA5 was imprinted in haematopoietic cells, an A/T polymorphism was identified within the HOXA5 gene by DNA sequencing of multiple peripheral blood samples ( Figure 1E ). Bisulphite sequencing analysis of this region was then carried out on a peripheral blood sample that was heterozygous for the polymorphism. This analysis identified the presence of both the A and T polymorphisms in methylated and non-methylated alleles, indicating that methylation was not specifically targeted to either allele ( Figure 1E ) and that HOXA5 is therefore not imprinted.
Analysis of chromatin modifications associated with CpG island methylation of genes in normal cells
Hypermethylation of genes during tumour development is known to be associated with specific patterns of modifications within histone tails, which are crucial in gene silencing (2, 23) . To determine if similar alterations were associated with CTS methylation of HOXA5 gene, ChIP assays were used to assess changes in histone modifications within the HOXA5 CpG island, both upstream (region 1) and downstream (region 2) of the transcriptional start site (Figure 2A ). For comparison, the MLH1 gene was also analysed, as a typical example of a gene frequently hypermethylated in a cancer-specific fashion, which has been extensively characterized for histone modifications following DNA methylation (24, 25) . To allow quantification of the ChIP signals, cycling conditions were identified for each primer set that gave reproducible differences in product intensity between successive 2-fold dilutions of genomic DNA (as shown in Figure 2B ). For each antibody/primer set the results presented are the averages of two to three independent experiments. Loss of histone acetylation has been linked to DNA methylation, as well as transcriptional inactivation in general (26) . ChIP assays using an antibody to acetylated K9 and K14 of histone H3 confirmed that CpG island methylation of both HOXA5 and MLH1 was associated with clear reductions in histone acetylation (examples in Figure 2B , Table II ). Methylation of both K9 and K36 of histone H3 within promoter regions has been linked to transcriptional repression (24, (27) (28) (29) . To examine methylation of these residues, ChIP assays were performed with separate antibodies directed against dimethyl K36, dimethyl K9 and trimethyl K9. As expected the 'cancer-specific' methylated gene, MLH1, exhibited increases in all three modifications when its CpG island was methylated, but low levels or absence of the modifications in the other cell lines that lacked DNA methylation (examples in Figure 2C and D, Table II ). In contrast, a clearly different pattern was seen for HOXA5, in which methylation of K9 (both di-and trimethylation) and K36 were found at high levels in cell lines in which the HOXA5 CpG island was unmethylated at the DNA level, but were low or undetectable in the methylated cell lines [examples in Figure 2C and D (compare the top two panels), Table II] .
To determine if similar histone modifications were associated with methylation of other CTS methylated genes, the analysis was also performed on the three other genes previously identified as exhibiting CTS methylation (Maspin, MCJ and 14-3-3sigma). This analysis determined that a second CTS methylated gene, MCJ, also exhibited HOXA5-like patterns of histone modifications in which methylation of K9 and K36 were seen at high levels in the unmethylated, actively transcribing, state (examples in Figure 2C and D, Table II) . However, not all CTS methylated genes exhibited such differences, as both Maspin and 14-3-3 sigma exhibited patterns of histone modifications similar to those observed for the MLH1 gene (examples in Figure 2C and D, Table II) .
To confirm the unexpected results for the HOXA5 gene, the ChIP assays were repeated using an expanded panel of cell lines, including an additional epithelial cell line (MCF7, HOXA5 unmethylated and expression positive), an additional mesenchymal cell line (HT1080, HOXA5 methylated and expression negative) and including 1BR.3.G cells with or without treatment with the DNA methylation inhibitor 2 0 -deoxy-5-azacytidine. For this expanded analysis, quantification was carried out using qPCR. As shown in Table II , the results from this expanded cell line panel confirmed the original analysis, with high levels of K9 and K36 methylation being detected in the unmethylated, expressing cell lines and reduced levels of these modifications being detected in the methylated and non-expressing cell lines. Treatment of the DNA methylated 1BR.3.G cell line with 2 0 -deoxy-5-azacytidine, to induce reduced methylation levels, resulted in a partial reversion of this phenotype, and resulted in increased levels of histone acetylation and methylation of K9 and K36 (particularly in region 2) in the 2 0 -deoxy-5-azacytidine-treated 1BR.3.G cells. Average excluding CpG4, as this site is lost in one or both alleles owing to a polymorphism in these samples.
High levels of HOXA5 CPG island methylation are detected in AML samples, but not in solid tumours HOXA5 has previously been demonstrated to play an important role in myeloid differentiation (9, 10) , and loss of normal differentiation is one of the hallmarks of many haematopoietic malignancies, including AML. Therefore, HOXA5 methylation levels were investigated in DNA derived from AML patient samples to determine if methylationdependent repression of HOXA5 could play a role in the development of AML. COBRA and pyrosequencing assays were used to determine the methylation levels of the HOXA5 gene, and methylation was assessed at multiple (seven) CpG sites. Digestion of COBRA PCR products with RsaI, which has multiple cut sites ( Figure 1A) , produced largely the indicated fully methylated or unmethylated bands, suggesting that the vast majority of HOXA5 alleles were either densely methylated or methylation-free (rare partially methylated alleles are seen in some samples as faint intermediate bands between the indicated unmethylated or fully methylated bands ( Figure 3 ). As demonstrated above, normal peripheral blood samples exhibited methylation of $50% of HOXA5 alleles ( Figure 3A) . However, analysis of HOXA5 methylation in AML samples detected clearly increased levels of HOXA5 methylation (80-100% alleles methylated) in 60% of AML samples examined using both RsaI ( Figure 3A ) and HinFI digests (data not shown). Pyrosequencing analysis was also used to confirm the high levels of HOXA5 methylation identified in the majority of AML samples. As shown in Table I , all 12 AML samples that were identified as hypermethylated by COBRA analysis also exhibited high levels of methylation using pyrosequencing. These results suggest that methylation of HOXA5 may play an important role in arrest of normal differentiation during the development of AML. Neither RNA nor protein was available from the original AML samples to allow confirmation of loss of expression in samples with HOXA5 hypermethylation. Therefore, HOXA5 methylation and protein expression were analysed in a panel of 11 malignant haematopoietic cell lines and in a further 5 primary AML samples, from which protein could be extracted. While the HL60 cell line demonstrated nearnormal levels of HOXA5 methylation, the other 10 cell lines exhibited hypermethylation of the HOXA5 CpG island (Supplementary Figure 1A) . Western blotting analysis showed that HL60 cells (and the SVCT cell line, which was used as a positive control) expressed high levels of the HOXA5 protein, while expression was undetectable or very low in all 10 methylated cell lines (Supplementary Figure 1B and C). Similarly in the AML samples, HOXA5 expression was detected in two samples exhibiting normal methylation, but low or no expression was detected in three hypermethylated samples (Figure 4 ). This confirms that methylation of the HOXA5 CpG island correlates with loss of expression.
Methylation of the HOXA5 promoter has previously been detected in both breast and lung cancer and reported to correlate with loss of expression in breast cancer (13,15) ; however, the identification of methylation within normal cells raises the possibility that the levels of methylation detected in these tumours may, at least in part, have been due to contaminating normal cells. Therefore, to more clearly define the extent of methylation of HOXA5 in solid tumours, the methylation levels of the HOXA5 gene were also assessed in breast, lung and ovarian tumour samples. Low levels of methylation of HOXA5 were invariably detected in all of the solid tumours samples (Figure 3B-D) . However, in all three tumour types HOXA5 methylation was also detected in the corresponding normal tissue (which would contain mesenchymal and haematopoietic cells in addition to epithelial cells). In the overwhelming majority of the individual tumour samples the level of HOXA5 methylation was comparable with that detected in the normal tissue samples. In none of the ovarian tumours, and in only in a small number of breast and lung tumours, were clearly increased levels of HOXA5 methylation [up to a maximum of 61% (lung) and 53% (breast) of alleles methylated] detected (Figure 3B-D) . In contrast to the AML samples, none of the solid tumour samples exhibited methylation levels similar to the IVM control. It is likely that the low level of methylation detected in the majority of samples was derived from contaminating normal (mesenchymal and haematopoietic) cells, and even when increased methylation levels were detected, a high proportion of unmethylated alleles still remained. Therefore, methylation of HOXA5 is unlikely to play a significant role in silencing of gene expression in these tumour types.
Reversal of DNA methylation results in HOXA5 re-expression and induction of differentiation in myeloid leukaemia cells Although the only AML cell line in the panel of haematological cell lines analysed above exhibited normal methylation levels, all five chronic myeloid leukaemia lines studied exhibited HOXA5 hypermethylation and loss of expression. Therefore, to begin to investigate the potential role of HOXA5 hypermethylation in loss of normal differentiation in myeloid leukaemia the LAMA84 cell line was treated with the DNA methylation inhibitor 2 0 -deoxy-5-azacytidine and assessed for expression of HOXA5 and also markers of myeloid differentiation. Western blotting analysis identified re-expression of HOXA5 protein in the 2 0 -deoxy-5-azacytidine treated, but not mock-treated LAMA84 cells (Supplementary Figure 2A) . qRT-PCR was used to assess the expression levels of a panel of markers of myeloid differentiation. Following 2 0 -deoxy-5-azacytidine treatment, LAMA84 cells exhibited clear increases in expression of cell surface markers (CD11b, CD13 and CD14) and transcription factors (C/EBP epsilon) associated with myeloid differentiation (between 15-and 222-fold increased expression), demonstrating that re-expression of HOXA5 was associated with features of differentiation in this myeloid leukaemia cell line (Supplementary Figure 2B) .
Discussion
Previous reports have identified the HOXA5 protein as a key regulator of myeloid differentiation (9,10), a transactivator of the p53 tumour suppressor gene, and it has been implicated as a tumour suppressor in its own right in breast cancer (13) . Here, we demonstrate that HOXA5 is one of a small number of genes that exhibit CTS methylation of their CpG islands within normal cells, which correlates with gene expression. Methylation of the CpG island within the promoter/first exon was identified in normal adult mesenchymal cells and in 50% of alleles in haematopoietic cells, whereas epithelial cells and embryonically derived mesenchymal cells were unmethylated. Expression analysis identified low or undetectable levels of HOXA5 in cells in which the gene was methylated, but in contrast, high levels of expression of the gene were found in cells that lacked HOXA5 DNA methylation.
To date only a small number of genes have been demonstrated to exhibit CTS methylation (20) . However, methylation of CpG islands is also observed under a number of other circumstances, including playing a key role in regulation of imprinting, in inactivation of the X-chromosome in females (30) and inactivation of genes during tumour development (5) . DNA methylation of CpG islands in these latter cases has been associated with a number of specific alterations in the modifications of histone tails, which are important in altering chromatin structure and consequent silencing of the associated genes (31) . In this report we used ChIP assays to assess if similar histone modifications were associated with CpG island methylation at the HOXA5 locus. As expected this analysis identified increased methylation of K9 and K36 of histone H3 following DNA methylation of the MLH1 gene (which is frequently inactivated in a tumourspecific fashion). In contrast, these same histone modifications (K9 and K36 methylation) were associated with the absence of DNA methylation and active transcription at the HOXA5 loci. Analysis of the other genes known to be controlled by CTS methylation identified a second gene, MCJ, which exhibited similarly high levels of K9 and K36 methylation in actively transcribing, DNA unmethylated, alleles (although both maspin and 14-3-3sigma had patterns similar to that of the MLH1 gene). Furthermore, treatment of the DNA methylated 1BR.3.G cell line with 2 0 -deoxy-5-azacytidine, to induce reduced methylation levels, resulted in a partial reversion of this phenotype, resulting in increased levels of histone acetylation and methylation of K9 and K36, consistent with a role for DNA methylation in maintenance of the unusual patterns of histone modifications observed at the HOXA5 locus. These results suggest that the HOXA5, and MCJ, loci must be protected from the mechanisms that would normally result in transcriptional silencing in the presence of these histone modifications [such as HP-1 binding to methylated K9 of histone H3 (32) ] and that either these modifications then become activating or other aspects of chromatin structure at these loci are more influential in determining transcriptional activity. These results also suggest that the function of particular histone modifications in controlling gene expression is likely to be dependent on the specific chromatin context in which these modifications are present.
It is possible that the patterns of histone modification seen for MCJ and HOXA5 may be part of a transcriptional control mechanism specific for some CTS methylated genes and not seen in imprinted genes or genes aberrantly methylated in cancer. However, the changes in chromatin structure associated with DNA methylation have not been extensively studied in the vast majority of genes identified as exhibiting aberrant DNA methylation in tumours, and while in those that have been studied methylation of H3-K9 has often been investigated, the role of H3-K36 methylation has not been addressed. Indeed, although H3-K36 methylation in promoter regions has previously been associated with transcriptional repression (33, 34) , we believe that the data presented for MLH1 are the first link between aberrant DNA methylation of 'cancer-specific' methylated genes and increased H3-K36 methylation. While examining large numbers of 'cancer-specific' methylated genes individually to identify patterns of histone modification similar to those seen for MCJ and HOXA5 would be time-consuming, the recent development of array-based 'ChIP on chip' approaches (35, 36) raises the possibility of more genome-wide screens for similarly regulated genes.
HOXA5 has previously been implicated as a tumour suppressor gene and an important regulator of haematopoietic differentiation, and thus alterations to the normal patterns of HOXA5 CpG island methylation may play an important role in human malignancy. Analysis of HOXA5 in AML samples identified clearly increased methylation levels, relative to peripheral blood, in the majority (60%) of samples, and hypermethylation of the HOXA5 gene was associated with loss of protein expression in both leukaemic cell lines and primary AML samples. Loss of normal differentiation is a key feature of the development of AML. As reduced HOXA5 expression has previously been shown to result in inhibition of granulocytic/monocytic differentiation (10), hypermethylation of HOXA5 in the AML samples would be consistent with a role for loss of HOXA5 in arrest of normal differentiation in AML. An alternative explanation for the increased methylation at the HOXA5 locus, relative to peripheral blood, could be that this is reflective, as opposed to causative, of the arrested differentiation in AML or that methylation in peripheral blood is restricted to myeloid cells. However, HOXA5 has previously been reported to be expressed at higher levels in more immature haematopoietic cells (37) , and analysis of HOXA5 methylation in CD133+ selected cells [thought to represent early haematopoietic progenitors (38) ] did not identify increased HOXA5 methylation (data not shown), indicating that HOXA5 hypermethylation is not a feature of more immature haematopoietic cells. Also, analysis of individual cell types, purified from peripheral blood, identified indistinguishable levels of methylation in both myeloid and lymphoid cells, indicating that the CpG island methylation of HOXA5 is not restricted to the myeloid compartment.
Treatment of the LAMA84 cell line, in which the HOXA5 gene is hypermethylated, with the DNA methylation inhibitor 2 0 -deoxy-5-azacytidine, resulted in re-expression of HOXA5 protein. This demonstrates that DNA methylation in this myeloid leukaemia cell line is necessary for continued suppression of HOXA5 expression. Furthermore, treatment with the demethylating agent was also associated with increased expression of multiple markers of myeloid differentiation, consistent with a role for re-expression of HOXA5 in inducing differentiation in myeloid leukaemia cells. However, it is likely that the expression of multiple genes would have been altered following 2 0 -deoxy-5-azacytidine treatment, and thus the induction of differentiation cannot be specifically attributed to re-expression of HOXA5. More detailed biochemical analysis will be required to define the specific role of loss of HOXA5 expression in the development of myeloid leukaemia.
Global alterations to expression of HOXA cluster genes have previously been observed in AML and found to be associated with specific cytogenetic risk groups (39) , suggesting that hypermethylation of HOXA5 may reflect these previously observed groups with known differences in HOXA gene expression. Cytogentic analysis was only available for a subset of the samples; however, hypermethylation was observed in all cytogenetic risk groups (low risk, 3/6; intermediate risk, 6/6; high risk, 1/2), suggesting that hypermethylation is unlikely to be secondary to global changes in HOXA cluster expression. Clearly, the sample size in this study is limited, and thus a larger study is currently under way to more clearly determine the relationship between HOXA5 CpG island methylation, cytogenetics, FAB subclass and global changes in HOXA cluster gene expression.
Methylation of the CpG island within the 5 0 region of the HOXA5 locus has previously been identified in both breast and lung cancer (13, 15) , suggesting that DNA methylation may be an important mechanism of inactivation of HOXA5 in these tumour types, and HOXA5 had been identified as a putative tumour suppressor gene in breast cancer (14) . Analysis of samples from a variety of solid tumour types (breast, lung and ovarian tumour samples) demonstrated the presence of methylation of the HOXA5 CpG island in all of the samples analysed; however, the level of methylation was almost invariably low and comparable with that observed in the corresponding normal tissue. On the basis of these results it appears that DNA methylation does not play a major role in inactivation of HOXA5 in these tumour types. While a low level of HOXA5 methylation in tumour cells could not be ruled out, it is likely that the vast majority of methylation detected in the solid tumour samples is derived from contaminating normal (mesenchymal or haematopoietic) cells. Given that, at least in breast cancer, loss of HOXA5 protein expression is a frequent event (13) , alternative mechanisms, such as altered expression of key regulatory transcription factors, must be responsible for downregulation of HOXA5.
Human peripheral blood samples exhibit methylation of $50% of HOXA5 alleles. As HOXA5 has been implicated as an important regulator of haematopoietic differentiation (9) , this suggests a potential role for HOXA5 methylation in control of HOXA5 expression levels, and consequently differentiation, in haematopoietic cells. The identification of methylation of 50% of HOXA5 alleles in haematopoietic cells suggested that either methylation was restricted to certain haematopoietic cell types or that HOXA5 may be imprinted. However, the results presented here demonstrate that similar levels of HOXA5 methylation are present in multiple haematopoietic cell types and that methylation was not allele-specific. A further potential explanation for the pattern of HOXA5 methylation would be that mono-allelic expression of HOXA5 is brought about by random inactivation of one of the two HOXA5 alleles in each cell. Indeed, such a process, termed allelic exclusion, has previously been demonstrated in haematopoietic cells, to maintain monoallelic expression of immunoglobulin and T-cell receptor genes in B and T lymphocytes (40) .
The results presented here emphasize the need for quantitative analysis of gene methylation, when assessing its potential role in tumour development. In this report we identified very high levels of methylation of the HOXA5 locus in AML samples, suggesting a potential role for HOXA5 in the development of this tumour type. In contrast, although methylation was also present in all breast, lung and ovarian cancer samples analysed, the level of methylation was almost invariably low, arguing against any significant role for HOXA5 methylation in these tumour types. As PCRbased methods are capable of detecting very low levels of methylation and comparatively few reports identifying tumour-related methylation of particular loci used quantitative methods to assess methylation levels, it is possible that the importance of DNA methylation in gene inactivation may have been over-estimated in some cases.
